feasible. The characteristics of different manufacturing technologies could be revealed at very 25 low API concentrations by using chemometric methods for processing and evaluating the 26 large number of varying spectra provided with this imaging method. 27
Introduction 29 illegal tablets [17]. The potential of its combination with chemical imaging of tablets (their 50
outer or broken surface), however, has not yet been explored in either the field of 51 pharmaceutical technology, or in forensic applications (to the authors best knowledge). 52
While the non-imaging SERS technique focuses only on the detection of an active 53 ingredient (or a similar compound such as an illegal drug), one of the most promising 54 application of SER-CI is the spatial mapping of drug distribution in the investigated tablets. 55
One of the main goals of R-CI in pharmaceutical technology is to understand the 56 pixel to achieve acceptable signal-to-noise ratio. The step size between adjacent pixels was 125 increased to 200 m along both axes in order to utilize the high overall measurement time and 126 to increase the probability of finding pixels that contain the API. As a compromise between 127 image size and overall mapping acquisition time, the measured area on the tablet surfaces was 128 31×31 pixels and acquisition of each of these maps took over 14 hours. 129
For SER-CI analysis SERS colloid solution was dripped on top of the tablets and, after 130 drying, mapping was carried out on their outer surface (i.e. without any further sample 131 preparation to avoid alteration of the sample structure). Spectrum acquisition time in this case 132 was 0,5 s per pixel and only 1 spectrum was measured at each point without multiple
Before chemometric evaluation, all spectra were base-line corrected using Eiler"s 149 asymmetric least squares method [26] with parameters of =10 5 and p=10 -3 . For comparison, 150 residual noise. If the spectra of the pure components are known, the C matrix can be 162 calculated in a straightforward way with the Classical Least Squares (CLS) calculation, using 163 X and S T . This is comprehensively described in numerous papers [14] [15] [16] . If some or all of the 164 components are unknown, MCR-ALS can be used, which itself generates both the 165 concentration (also known as score) matrix C and pure spectrum (also known as loading) 166 matrix S T from the dataset X in an iterative manner, using an initial estimation for either C or 167
S
T and appropriate physical constraints. Easy to use programs are available from the 168 developers [27] and in commercial software [29] . All of these have internal algorithms for 169 providing the initial estimations and the iterations afterwards, and require minimal effort from 170 the user. Only non-negativity constraints were used in our study.8 vibrational peaks. The approach proposed here assumes that only the API is SERS active. 174 (The rest of the loadings contained noise spikes and other disturbance factors arising due to 175 the partial degreadation of SERS colloids in some of the pixels.) The scores corresponding to 176 these loadings were set in descending order and a threshold was determined for each API 177 spectrum. Those values were chosen as thresholds, which showed dominant change in API 178 peak intensity. Pixels with an API score over this threshold were assigned the value of "1", i.e. 179 to the API, while the rest were given a "0" value. This classification was accomplished using a 180
Visual Basic algorithm written in-house. Then the received column vector of these binarized 181 scores was formed back into an image matrix by using the reshape command in Matlab. 182
In the case of R-CI investigations, MCR-ALS scores (i.e. spectral concentrations) 183
were directly used to produce spatial distribution images, as usually done in most R-CI resolution and factor analysis methods are also available, but only MCR-ALS was used as 194 numerous studies have proven it to be the best choice for this purpose [30] [31] [32] [33] [34] . huge amount of measured spectra (a few thousands in our case). Therefore, a new way of 211 evaluation, based on currently available chemometric methods, had to be developed. This 212 study uses multivariate curve resolution -alternating least squares (MCR-ALS) for this 213 purpose, which have already been proven to be the most efficient in the evaluation of Raman 214 maps [30] [31] [32] [33] [34] . 215 216 3.1. R-CI investigations without SERS 217
218
Conventional R-CI maps of (both known and unknown) pharmaceuticals can be 219 evaluated in a straightforward manner by resolving an appropriate number of spectra using 220 MCR-ALS. (CLS with the pure reference spectra would usually also be an option in the 221 pharmaceutical practice, but not in forensics and when unknown samples are investigated.) 222 Figure 1 shows the spectra resolved using MCR-ALS decomposition. In order to 223
properly estimate the number of components present in the sample, the number of spectra to 224 be resolved has to be overestimated. Due to this overestimation, the outcome contains certain 225 loadings, the features of which are very similar to one another and which in fact correspond to 226 the same physicochemical component. If these small differences can be explained or are 227 irrelevant with respect to the results, these similar loadings can be averaged to get a more 228 accurate estimation of the pure component spectra [34] . Note in this case the number of 229 components is known, so it would have been possible to resolve just two spectra, but the 230 study follows the practice of investigating an unknown tablet as proposed in the literature. 231 (1). A good threshold is quickly received in n steps for a map containing up to 2 n pixels. After 359 determining the score threshold for each API-related loading, all scores can be binarized 360 based on whether they are higher (1 or "SERS-positive") or lower (0 or "SERS-negative") 361 than the threshold and the pixels with SERS signals present can be counted on the Raman 362 map. 363
The binarized scores, each indicating if the API was detected via its SERS signal in a 364 pixel, can be refolded to a spatial image in the same way the concentration images are usually 365 produced. As the investigated area of a SER-CI map (60 m × 60 m) was smaller than the 366 area covered by an R-CI reference map (200 m × 200 m), three SER-CI maps were 367 acquired from different, randomly selected locations from both "D" and "W" tablets. This 368 was done to ensure that different locations show the same characteristics with regards to thethe dry and wet technologies can be easily recognized based on the SER-CI maps. These 371 findings are supported by Table 1 highlighting the number of pixels with the API present. 372
While the API was detected in a relatively small number of distinct pixels in the "D" tablet (9-373 14%), in the case of "W" tablets the SERS signals of aspirin were detected in the vast majority 374 of the pixels (91-98%). 375 Table 1 shows that the number of SERS-positive pixels were consequently 8-10× more 376 in the "W" tablets than in the "D" tablets, unambigously differentiating the wet and dry 377 manufacturing technologies. This means that when the tablet is prepared by wet granulation, 378 the API forms a narrow layer on the excipient particles, which cannot be detected with R-CI if 379 the overall concentration of API is very low (0.25% in this case), but can be unambiguously 380 detected if SERS colloid is applied on the tablet surface. 
